we designed silicone rubber implants with a shear modulus of ~ 200 kPa which we coated 1 3 9 with a 100 μm thick layer of soft material (Fig. 3a) to "stealthen" the underlying stiffer 1 4 0 substrate from cells (see Methods for details) [35] [36] [37] . The coatings consisted of either soft 0.2 1 4 1 kPa polyacrylamide (PAA_0.2kPa), 2kPa silicone (PDMS_2kPa), or 20 kPa polyacrylamide 1 4 2 (PAA_20kPa) (shear moduli, Supplementary Fig. 5 ). One group of implants remained non-1 4 3 coated (PDMS_200kPa). 1 4 4
These soft-coated devices were implanted first into the subcutaneous space of rats, a 1 4 5 common location for medical implants such as pulse generators 38 and biosensors 17 . Three 1 4 6 months post-implantation, a time point by which acute inflammation due to implantation has 1 4 7 resolved and chronic responses to implanted materials have settled in, FBR was significantly 1 4 8 reduced around the implants with soft coatings if compared to the stiffer materials ( Fig. 3b ) 1 4 9 1 6 Cells were counted, or the area stained was designated, by hand. Statistical analysis and 3 3 9
data plotting was carried out using MATLAB (Mathworks, R2016b) . RNA sequencing was performed in parallel on n = 4 biological replicates. RNA extraction 3 4 3 was carried out at day 3 of culture on polyacrylamide substrates using an RNeasy Plus 3 4 4
Micro Kit (Qiagen, 74034) . Prior to and at regular intervals during the extraction procedure, 3 4 5 work surfaces and pipettes were cleaned with RNase Zap decontamination solution 3 4 6 (ThermoFisher, AM9780) to inactivate RNases and prevent sample RNA degradation. To 3 4 7 collect the cells, each coverslip was briefly washed in PBS and lifted out of the solution using 3 4 8
forceps. The gels onto which the cells were attached were gently scraped off from the 3 4 9 coverslips using a sterile steel blade and placed in RLT lysis buffer plus (Qiagen). The 3 5 0 samples in buffer were then moved to QIAshredder tubes (Qiagen, 79654) and centrifuged 3 5 1 in a microcentrifuge (MSE, mistral 1000) for 2 min at 8,000g. Instructions provided by the kit 3 5 2 manufacturer were then followed to extract cellular RNA, which was collected and stored at -3 5 3 80°C. 3 5 4
RNA quantification and integrity analysis were carried out on all samples prior to library 3 5 5 preparation. Using an RNA 6000 Pico Kit (Agilent, 5067-1513) , samples concentration and 3 5 6 integrity was analysed using an Agilent 2100 Bioanalyzer. No samples with an RNA integrity 3 5 7 number <7 were used. Library preparation was thereafter carried out using an Ovation RNA-3 5 8
Seq System V2 kit (NuGen, , following manufacturer instructions. Samples were 3 5 9
finally submitted for sequencing in an Illumina HiSeq 2500 system. 3 6 0
Illumina read data files were run through a bioinformatics pipeline and aligned with the 3 6 1
Rattus norvegicus genome (Ensembl Rnor_6.0). Fold changes and p-values were calculated 3 6 2 for each gene between each experimental group and a control group (consisting of the 3 6 3 1 7 combined 0.1 kPa and 1 kPa conditions). Genes expressed were filtered to produce lists of 3 6 4 differentially expressed genes (DEGs). Defined by a minimum of 2-fold change in 3 6 5 expression, a base expression above 3 normalised counts, and an adjusted p-value below 3 6 6 0.05. Principal component analysis was carried out on data from these experiments 3 6 7 ( Supplementary Fig. 9 ). RNAseq data have been deposited in the ArrayExpress database at 3 6 8 EMBL-EBI (https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-7900) under accession 3 6 9 number E-MTAB-7900. Code to create the figures displaying RNAseq results is available in 3 7 0 the following GitHub repository: https://github.com/CTR-BFX/2019-Carnicer-Lombarte. Nerve conduits. Moulds of the cuff implants were designed in 3D-CAD software (AutoCAD, 3 7 4
Autodesk Inc) and 3D printed in PLA (polylactic acid) plastic using a MakerGear M2 3D 3 7 5 printer (MakerGear). The moulds were covered in Sylgard 184 PDMS, and were placed in an 3 7 6 oven at 65°C overnight. The 3D printed mould was removed from the cured PDMS, 3 7 7 producing a negative pattern of the cuff implants. The surface of the PDMS negative moulds 3 7 8 was activated using oxygen plasma (Diener plasma etcher) for 25 seconds at 30 W, and 0.8 3 7 9 mbar chamber pressure. PDMS moulds were then functionalised using 3 8 0
Trichloro(1H,1H,2H,2H-perfluorooctyl)silane (Sigma, 448931) . A few drops of silane were 3 8 1 placed on a glass petri dish and into a desiccator together with the PDMS moulds. The 3 8 2 desiccator was pumped down into a vacuum, and functionalisation was allowed to take place 3 8 3 overnight. The resulting layer of silane prevented any new PDMS cured on these moulds 3 8 4 from binding to them, allowing for the casting of the PDMS cuffs from these negative moulds. 3 8 5
To cast the cuffs, flat petri dishes with raised edges were prepared. These edges were 3 8 6 produced through layering multiple layers of insulation PVC tape, until a thickness of 0.6 mm 3 8 7 was achieved. The functionalised PDMS negative moulds were coated with a thick layer of 3 8 8
Sylgard 184 PDMS and placed on top of these dishes. The raised edges of the dishes 3 8 9 1 8 created a 0.6 mm thick layer of Sylgard 184 PDMS below the moulds, which would become 3 9 0 part of the cuffs after curing. The moulds and dishes were placed in an oven at 65°C 3 9 1 overnight. 3 9 2
The freshly-cured layer of PDMS was carefully peeled from the moulds and trimmed to the 3 9 3 appropriate dimensions with a steel blade. The resulting PDMS implants were functionalised 3 9 4
with an additional layer of silicone/polyacrylamide before rolling into cuffs. To roll into cuffs, 3 9 5 the edges of the implants were brought together and carefully secured with insulation PVC 3 9 6 tape. The edges were covered with RTV PDMS (SA03073, Farnell), which was allowed to 3 9 7 cure overnight. An additional layer of RTV was then added and allowed to cure before the 3 9 8 cuffs were stored in PBS and sterilised under UV prior to implantation. The resulting conduit 3 9 9 had a length of 7 mm, an internal diameter of 1.5 mm, and a wall thickness of 0.6 mm. 4 0 0 Subcutaneous implants. A 3 mm thick layer of Sylgard 184 PDMS was cast and cured 4 0 1 overnight at 65 ºC. This was then trimmed using a steel blade into 5 x 5 mm blocks. Each 4 0 2 block then was functionalised with a coating. Four blocks -one for each of the 4 stiffness-4 0 3 controlled conditions -were combined into one 10 x 10 mm implant and stuck together using 4 0 4 RTV silicone. The sides of each of the four component blocks were notched to later be able 4 0 5 to identify them. Dexamethasone-doped implants remained as 5 x 5 mm blocks, and were 4 0 6 not combined with other implants. Implants were stored in PBS and sterilised under UV prior 4 0 7 to implantation. 4 0 8
Coatings. To produce dexamethasone-doped silicone implants (Dex), Sylgard 184 PDMS 4 0 9 was doped with 10 mg/ml of dexamethasone and spin-coated into 100 μm-thick films. The 4 1 0 dexamethasone-doped films were cut into appropriately-sized rectangles. A small amount of 4 1 1 RTV PDMS was spread over an implant and a dexamethasone-doped PDMS rectangle was 4 1 2 placed on top. After allowing the RTV to cure overnight, the dexamethasone-doped film was 4 1 3 further trimmed of any overhangs and the PDMS cuff was rolled as described above. 4 1 1 9
Soft silicone coatings (PDMS_2kPa) were prepared from a mix of NuSil 8100 and Sylgard 4 1 5 184 (99% to 1% w/w, respectively). An implant was thoroughly cleaned with ethanol and 4 1 6 ddH 2 O and dried with nitrogen gas, followed by the application of a 9 μl drop of the soft 4 1 7 silicone mix to its surface. This drop was spread out to ensure that the entire inner surface of 4 1 8 the implant was completely covered. The implant was then transferred to an oven and baked 4 1 9
at 65 °C for one week. This long curing time was a necessary step to remove traces of non-4 2 0 cured PDMS. 4 2 1
Polyacrylamide coatings (PAA_0.2kPa and PAA_20kPa) were grafted onto Sylgard 184 4 2 2 PDMS implants following a published protocol 53 .Glass coverslips were cleaned by alternate 4 2 3 dipping in ddH 2 O and EtOH. PDMS implants were thoroughly cleaned with methanol, dried 4 2 4 with nitrogen gas, and covered with a benzophenone solution 10% w/w in EtOH (Sigma, 4 2 5 B9300) for 2 min at room temperature. Benzophenone was removed and cuffs cleaned with 4 2 6 methanol and dried with nitrogen gas. Polyacrylamide hydrogel mixes were prepared by 4 2 7 combining acrylamide and bisacrylamide solutions at a 2:1 ratio. The mixes were combined 4 2 8 with PBS to achieve the desired stiffness, as described in Supplementary Table 1 . To initiate 4 2 9 the polymerisation of the gel mix, 5 μl of APS solution (0.1 g/ml in ddH 2 O) and 1.5 μl of 4 3 0 TEMED were added to 500 μl of gel mixes. A 9 μl drop of the gel mix was then transferred to 4 3 1 a PDMS implant, which had been previously soaked in 10% (w/w) benzophenone solution in 4 3 2 ethanol. The drops were spread out by covering with a clean glass coverslip. Implants were 4 3 3 then quickly transferred under a 12 J/cm 2 UV lamp for 10 min (SUSS MicroTec MJB4). After 4 3 4 the 10 min of UV exposure, glass coverslips were removed and polyacrylamide-PDMS 4 3 5 composites were placed in PBS for a further 30 min. The polyacrylamide coating was kept 4 3 6 hydrated with PBS at all times until implantation. 4 3 7
Stiff silicone implants (PDMS_200kPa) were not coated with anything, leaving the surface of 4 3 8
the Sylgard 184 implant exposed to the tissue. Procedures) Act 1986. Surgical procedures were carried out under aseptic conditions. ~250 4 4 3 g Lewis rats (Charles River UK) were housed in groups of 5 and provided ad libitum access 4 4 4 to food and water for a minimum of 7 days prior to surgical procedures. Immediately prior to 4 4 5 all surgical procedures, animals received an injectable dose of the non-steroidal anti-4 4 6 inflammatory drug meloxicam (1.5 mg/ml, subcutaneous). Anaesthesia was induced and 4 4 7 maintained with isoflurane delivered via a facemask. Body temperature was monitored via a 4 4 8 rectal probe and maintained at 37 °C using a thermal blanket. 4 4 9
Nerve conduits. Biceps femoris and vastus lateralis muscles of the right leg of the animals 4 5 0
were approached dorsally and separated to expose the septum through which the sciatic 4 5 1 nerve travels. The sciatic nerve trifurcation point was located and followed 2 mm proximal. 4 5 2
This site was used as a landmark to achieve consistent location of injury or implantation. The 4 5 3 nerve was cleanly transected at this location using scissors and the conduit was positioned 4 5 4 between the two resulting nerve stumps, leaving a 5 mm long empty gap within the conduit 4 5 5 between the stumps. The epineurium of each nerve stump was sutured to the silicone tube 4 5 6 using 9/0 nylon sutures (Ethicon). Each animal received only one conduit, with a single type 4 5 7 of coating. 4 5 8
Subcutaneous implants. An incision was done dorsally over the right leg of an animal 4 5 9
(approximately above the femur). The skin was separated from the underlying muscle using 4 6 0 blunt forceps to create a tunnel from the site of incision towards the midline of the animal. 4 6 1
The implant was fed through this tunnel and placed ~1 cm away from the midline, with the 4 6 2 coating facing the layer of muscle. Each animal received one subcutaneous implant; either a 4 6 3 composite stiffness or a dexamethasone-doped implant. 4 6 4 2 1
All animals were allowed to recover following implantation. A further dose of meloxicam was 4 6 5
given orally the day after surgery. 3 months post-implantation, animals were sacrificed by 4 6 6 exposure to a rising concentration of CO 2 and the tissue collected. 4 6 7 4 6 8
Immunohistochemistry. 4 6 9
All tissue was fixed prior to processing and staining by immersion in paraformaldehyde 4 7 0 solution (40 mg/ml in PBS) overnight at 4 °C. Samples which required sectioning were then 4 7 1 transferred to a sucrose solution (30% w/w in PBS) for cryoprotection. They were kept in this 4 7 2 solution for a minimum of 16 hr at 4 °C, and then stored until further processing. 4 7 3
Cryopreserved samples were embedded in optimal cutting temperature compound (Tissue-4 7 4
Tek, 4583), which was frozen and mounted on a cryostat (CM3050 S, Leica). 12 μm -thick 4 7 5 sections were cut from the samples at a cutting temperature of -20 °C. Sections were placed 4 7 6 on glass slides and allowed to dry at room temperature overnight before storage at -20 °C 4 7 7 until stained. 4 7 8
Sections ready to be stained were washed in a Triton X-100 0.1% v/v solution in PBS to or 4 7 9
permeabilisation. These and all further washes were performed three times for 10 min. To 4 8 0 minimise non-specific antibody binding, sections were incubated in a blocking buffer, 4 8 1 consisting of tris-buffered saline containing 0.03% v/v Triton X-100 and 10% v/v donkey 4 8 2 serum (Millipore, s30-100ml). After blocking for 1 hr at room temperature, primary antibodies 4 8 3 were added to sections (further details in Supplementary Table 2 ). Sections were covered 4 8 4
with paraffin film to prevent drying and were incubated in primary antibodies overnight at 4 4 8 5
°C. 4 8 6
Sections were washed in PBS-Triton solution to remove excess primary antibodies, and then 4 8 7 incubated in secondary antibodies in blocking buffer for 2 hr at room temperature. 4 8 8
Secondary antibodies were finally washed off with a non-saline Tris-buffered solution. 4 8 9
Fluorsave mounting agent (Millipore, 345789) was added to sections to preserve 4 9 0 fluorescence before encasing with a glass coverslip and storing at 4 °C prior to imaging. 4 9 1
Imaging of stained nerve tissue was carried out using a confocal microscope (Leica TCS 4 9 2 SP5). Image files were exported and processed for analysis in Image-J software package 4 9 3 (v1.48, National Institutes of Health, USA). Stain intensity profiles of FBR capsules was 4 9 4 carried out through a combination of custom Matlab and Fiji scripts. The edge of the nerve 4 9 5 capsule was delineated by the user and aligned by the scripts. An intensity profile (intensity 4 9 6 vs. depth into the nerve) of the each stain was obtained. The average intensity from the 4 9 7 edge of the nerve to a depth of 25 μm was calculated and provided as a ratio to the same 4 9 8
intensity of the PDMS_200kPa group. The only exception were CD68 stains, were a depth of 4 9 9
50 μm was instead chosen as macrophages were found to mostly locate deeper into the 5 0 0 tissue than other markers. Capsule thickness was using a Matlab script, after its edge was 5 0 1 marked by hand based on the αSMA stain. Axon density was analysed in an automated 5 0 2 fashion using a Fiji script over 3 randomly chosen 100 x 100 μm boxes for every image. 5 0 3
Statistical analysis and data plotting was carried out using MATLAB (Mathworks, R2016b). 5 0 4 5 0 5
Atomic force microscopy. 5 0 6
Sample elasticity was determined via atomic force microscopy (AFM) as previously 5 0 7 described 54 . Indentation measurements using a cantilever probe were taken on samples 5 0 8
placed on an inverted optical microscope (Axio Observer.A1, Carl Zeiss Ltd.) using a JPK 5 0 9
Nanowizard Cellhesion 200 AFM (JPK Instruments AG). Tipless silicon cantilevers (Arrow-5 1 0 TL1; NanoSensors) with a spring constant of ~0.02 N/m were used in experiments were 5 1 1 tissue stiffness was measured. Material characterisation made use of either these or stiffer Each cantilever had a polystyrene bead (~37 μm diameter for tissue, ~20μm for stiffer 5 1 5 materials; Microparticles GmbH) glued (ultraviolet curing, Loctite) prior to all measurements. 5 1 6
Tissue preparation. Lewis rats (Charles River UK) were sacrificed by overdose of euthatal 5 1 7
(pentobarbitone) administered intraperitoneally, followed by neck dislocation. Euthatal was 5 1 8 combined at a 1:1 v/v ratio with lidocaine anaelgesic and delivered at a total dose of 3 ml/kg 5 1 9 of bodyweight. Further processing of tissue was carried out within 1 -2 hr of animal sacrifice, 5 2 0 and all AFM measurements were completed within 5 hr to minimise tissue degradation. 5 2 1
To dissect out the sciatic nerve, the dorsal side of the hindlegs was exposed and skin 5 2 2 removed. Biceps femoris and vastus lateralis muscles were separated to expose the septum 5 2 3 through which the sciatic nerve travels. The nerve was dissected out and transected just 5 2 4 below the trifurcation point, and 1 cm above it. The nerve was then transferred to a dish 5 2 5
containing mammalian physiological saline previously described by others 56 (121 mM NaCl, 5 2 6 5 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 0.4 mM NaH 2 PO 4 , 23.8 mM NaHCO 3 , 5.6 mM 5 2 7 glucose). Mammalian physiological saline was prepared freshly prior to the experiment. To 5 2 8 establish a pH of 7.3, a gas mixture of 95% CO 2 and 5% O 2 was bubbled through the 5 2 9 solution. 5 3 0
For naïve nerve measurements, under a dissection microscope, blood vessels and excess 5 3 1 tissue surrounding the nerve were removed, and the nerve stumps were trimmed off with a 5 3 2 steel blade. The remaining nerve was then cut into several fragments for mounting and 5 3 3 sectioning. Nerve fragments were embedded in warm 4% w/w low melting point agarose 5 3 4 (Sigma) in PBS. Agarose was allowed to cool and harden for a few minutes before trimming 5 3 5 into blocks containing the nerve fragments. Blocks were stuck to a steel stage with 5 3 6 cyanoacrylate glue and transferred to a chamber filled with chilled mammalian physiological 5 3 7 saline. The blocks were cut into 500 μm thick sections in a vibrating microtome. Nerve 5 3 8
sections were transferred to mammalian physiological saline solution containing the live 5 3 9 stain fluoromyelin (1:250 v/v in mammalian physiological saline; Invitrogen, F34651) and 5 4 0 2 4 incubated for 1 hr at room temperature to stain the myelin surrounding axons. This allowed 5 4 1 the endoneurial compartment to be identified and later probed via AFM. Sections were 5 4 2 mounted onto 35 mm plastic dishes (Z707651, Sigma). The sections were gently deposited 5 4 3 onto two strips of cyanoacrylate glue which adhered to the agarose on which the tissue was 5 4 4 embedded. Dishes were filled with room temperature mammalian phosphate buffer and 5 4 5 transferred to the inverted microscope to perform the measurements. 5 4 6
For nerve FBR capsules and epineurium measurements, implanted cuffs were extracted 5 4 7 from rats 3 months post-implantation with regenerated sciatic nerves still within them. Under 5 4 8 2 5
For each elasticity measurement, the cantilever probe was lowered onto the surface of the 5 6 7 sample at a speed of 10 μm/s. Upon contact and indentation of the sample, the probe 5 6 8 continued to be lowered until a force of 10 nN was reached (usually equivalent to an 5 6 9 indentation depth δ of 1 to 5 μm). The probe was then retracted, the sample moved, and a 5 7 0 measurement repeated at a different location. 5 7 1
The force-distance measurements taken by the AFM were translated into elasticity values 5 7 2 using the Hertz model 57 using a previously described custom 58 MATLAB (Mathworks, 
